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abstract
In the context of partial harvesting, adequately managing post-harvest light conditions are essential to
obtain a desired composition of tree species regeneration. The objective of this study was to determine
how varying the intensity and spatial pattern of harvest would affect understory light conditions in
boreal mixedwood stands of northwestern Quebec using the spatially explicit SORTIE-ND light model.
The model was evaluated based on comparisons of observed and predicted light levels in both mapped
and un-mapped plots. In mapped plots, reasonably accurate predictions of the overall variation in light
levels were obtained, but predictions tended to lack spatial precision. In un-mapped plots, SORTIE-ND
accurately predicted stand-level mean GLI (Gap Light Index) under a range of harvest intensities. The
model was then used to simulate nine silvicultural treatments based on combinations of three intensi-
ties of overstory removal (30%, 45% and 60% of basal area) and three harvest patterns (uniform, narrow
strips, large gaps). Simulations showed that increasing overstory removal had less impact on light condi-
tions with uniform harvests, and a more marked effect with more aggregated harvest patterns. Whatever
the harvest intensity, uniform cuts almost never created high light conditions (GLI>50%). Gap cuts, on
the other hand, resulted in up to 40% of microsites receiving GLI>50%. Our results suggest that either
a 30% strip or gap cut or a 45–60% uniform partial harvest could be used to accelerate the transition
from an aspen dominated composition to a mixedwood stand because both types of cut generate the
greatest proportion of moderately low light levels (e.g., 15–40% GLI). These light levels tend to favour
an accelerated growth response among shade-tolerant conifers, while preventing excessive recruitment
of shade-intolerant species. A better understanding of how spatial patterns of harvest interact with tree
removal intensity to affect understory light conditions can provide opportunities for designing silvicul-
tural prescriptions that are tailored to species’ traits and better suited to meet a variety of management
objectives.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction
There is increasing interest in developing natural disturbance-
based forest management practices to preserve the diversity and
complexity of forest ecosystems (Gauthier et al., 2009; Puettmann
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et al., 2009). Bergeron and Harvey (1997) suggested that diver-
sifying silvicultural practices to incorporate both even-aged and
uneven-agedregimescouldformthebasisofanaturaldisturbance-
based forest management framework in boreal mixedwoods. The
use of uneven-aged silviculture, or more generally, partial har-
vesting practices, is intended to generate effects similar to those
of secondary natural disturbances that cause partial and hetero-
geneous removal of the overstory (e.g., insect outbreaks) (Harvey
et al., 2002; Franklin et al., 2007). The implementation of such a
forest management approach also requires forest managers to be
able to control – through silvicultural interventions – the tran-
sition rates between forest types of different successional stages
(Lieffers et al., 1996; Harvey et al., 2002). For instance, this might
0378-1127/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.foreco.2010.09.033M. Beaudet et al. / Forest Ecology and Management 261 (2011) 84–94 85
mean favouring the transition from an early-successional, aspen-
dominated stand to a mid-successional mixedwood stand using
some form of thinning of the aspen overstory to favour the recruit-
ment and growth of shade-tolerant conifers (Prévost and Pothier,
2003; Brais et al., 2004). Successful implementation of such a
natural dynamics-based management approach that relies heav-
ily on partial harvesting requires a sound understanding of the
multiple interacting factors that affect stand developmental pat-
terns.
Adequately managing post-harvest light conditions is essen-
tial to obtaining the desired species composition of tree species
regeneration, and is therefore an important component of suc-
cessful partial harvesting interventions (Lieffers et al., 1999). At
the individual tree level, light is a major determinant of growth
and survival. At the community level – due to inter-speciﬁc dif-
ferences in response to light – variations in light conditions can
affect important processes such as regeneration establishment,
competitiondynamicsandspeciessuccession(Lieffersetal.,1999).
Maintaining a pattern of variability in light conditions similar to
that found in natural forests is also expected to play an important
role in preserving understory species diversity (Bartemucci et al.,
2006).
Understorylightconditionscanbecontrolled,atleastinpart,by
adjustingharvestingintensity,andthesize,shape,locationandori-
entation of openings (Carlson and Groot, 1997; Coates and Burton,
1997).Field-basedcomparisonsofsilviculturaltreatmentscanpro-
vide useful information to determine which silvicultural system
will produce the optimal distribution of light levels for a given set
of management objectives (Prévost and Pothier, 2003; Brais et al.,
2004;Manetal.,2008).However,ﬁeldexperimentsarenecessarily
limited in the number of treatments that can be implemented, and
theycanbeaffectedbymanyfactorsthatcannotbecontrolled(e.g.,
occurrence of a forest tent caterpillar outbreak following experi-
mental partial cutting treatments in Man et al., 2008).
A complementary approach is to use model simulations to eval-
uate and compare the effects of various silvicultural treatments
on post-harvest light regimes (Coates et al., 2003; Sprugel et al.,
2009). Numerous light models have been developed over the years
(reviewed in Lieffers et al., 1999). Among these models, spatially
explicit, individual-tree models are particularly appropriate in a
contextwhereexploringtheimpactofpartialharvestingisofinter-
est, especially in structurally complex and species-diverse forests
(Brunner, 1998; Canham et al., 1999; Stadt and Lieffers, 2000).
However, the usefulness of forest light models is often limited
by the large data requirements of the models. For instance, exist-
ing light models often require the measurement of the crown
dimensions and precise location of individual trees to obtain pre-
dictions of understory light levels. In comparison, the amount of
input data required by the SORTIE-ND light model is remarkably
small(Canhametal.,1999).Nevertheless,themodelcanaccurately
predict microsite-level light conditions in gaps and under various
levels of overstory retention, and track how mean stand-level light
availability varies as a function of species composition and stand
basal area (BA) (Canham et al., 1994, 1999; Beaudet et al., 2002;
Coates et al., 2003).
The objective of this study was to determine how varying the
intensity and spatial pattern of harvest would affect understory
light conditions in partially harvested boreal mixedwood stands.
To do so, we parameterized and evaluated the SORTIE-ND light
model for boreal mixedwood forests in northwestern Quebec
(Canada). We then used the model to obtain spatially explicit pre-
dictions of light regimes following various combinations of harvest
intensities and patterns (from uniform to more aggregated). We
then compared the predicted light distributions in terms of their
implications for the successful regeneration and management of
mixedwood forests.
2. Methods
2.1. Study area and species
The study was performed in northwestern Quebec (Canada), in
theLakeDuparquetResearchandTeachingForest(LDRTF)(approx.
48◦30 N; 79◦22 W), a ∼8000ha forest located ∼45km northwest of
Rouyn-Noranda, in the Western Balsam ﬁr-White birch Bioclimatic
Subdomain(RobitailleandSaucier,1998).Climateiscoldcontinen-
tal with a mean (1961–1990) annual temperature of 0.8 ◦C and a
mean annual precipitation of 857mm, of which 25% falls as snow
(Environment Canada, 1993). Mesic clay soils (Grey Luvisols) orig-
inating from glaciolacustrine deposits left by the postglacial lakes
BarlowandOjibwaypredominateintheregion(VincentandHardy,
1977).
The SORTIE-ND light model was parameterized from ﬁeld data
for six tree species that range in shade tolerance from the very
intolerant aspen (Populus tremuloides Michx.) and jack pine (Pinus
banksiana Ait.), to intolerant paper birch (Betula papyrifera Marsh.),
mid-tolerant white spruce (Picea glauca [Moench] Voss), and toler-
ant to very tolerant white cedar (Thuja occidentalis L.) and balsam
ﬁr (Abies balsamea [L.] Mill.) (Burns and Honkala, 1990).
Successional relationships among these species on rich, mesic
sites in the region have been described as typically involv-
ing successive rotations dominated by hardwoods, mixedwoods,
and shade-tolerant conifers (Bergeron, 2000). Following stand-
replacing disturbance (ﬁre), shade-intolerant species such as jack
pine, aspen and white birch form mixed or pure stands (Harvey et
al., 2009). These stands of pioneer species develop into mixed com-
positions as more shade-tolerant species (ﬁr, spruces and cedar)
establishandgrowintothecanopylayer.Asstandsage,small-scale
canopy disturbances such as gaps resulting from windthrow, stem
senescence in the pioneer cohort or insect outbreaks, inﬂuence the
structure and composition of stands that have been spared by ﬁre
(Haeussler et al., 2007; Harvey et al., 2009). Mature forests in the
area are mainly dominated by balsam ﬁr, with white spruce, black
spruce (Picea mariana [Mill.] B.S.P.), white birch, and white cedar.
2.2. Parameterization of the SORTIE-ND light model for boreal
mixedwood species
SORTIE-ND (version 6.09; Canham and Murphy, 2008) is a spa-
tially explicit, individual-tree forest dynamics model in which light
conditions can be predicted for any location in a plot based on the
species, DBH (diameter at breast height [here deﬁned as 1.35m
above-ground]) and location of trees, species-speciﬁc crown open-
ness and allometric relations used to determine tree height and
crown dimensions, and local sky brightness distribution (Canham
et al., 1999). SORTIE-ND predicts light levels in terms of Gap Light
Index (GLI), which speciﬁes the percentage of direct and diffuse
light transmission through canopy openings over a growing season
(Canham, 1988). The SORTIE-ND light model has been parame-
terized and tested in a variety of forest types, including northern
hardwood forests in northeastern America (Canham et al., 1994;
Beaudetetal.,2002),northerntemperateforestsinwesternCanada
(Canham et al., 1999), and hybrid poplar plantations (Paquette et
al., 2008).
2.2.1. Tree height and crown allometry
In SORTIE-ND, individual tree crowns are represented as cylin-
ders. Tree height (m) is described as a function of DBH (cm):
Height = 1.35 + (H1 − 1.35)(1 − e−B·DBH) (1)
Eq. (1) produces a curve with an exponential approach to an
asymptotic maximum height (H1), while the exponential decay
parameter B controls the steepness of the curve (Canham et al.,86 M. Beaudet et al. / Forest Ecology and Management 261 (2011) 84–94
Table 1
Parameter values (H1, B) and their 95% conﬁdence intervals for the tree height vs. DBH relationship (Eq. (1)). Also presented are the sample size, range of and mean DBH and
height observed among sampled trees, R2 values (mean corrected), and predicted height for a 5cm DBH and a 30cm DBH individual of each species. Species are listed in
order of increasing shade tolerance based on Harvey et al. (2002).
Species n DBH (cm)
min–max
(mean)
Height (m)
min–max (mean)
Parameter
H1
95% C.I.
(min–max)
Parameter B 95% C.I.
(min–max)
R2 Height (m)
o fa5c m
DBH tree
Height (m)
o fa3 0c m
DBH tree
Aspen 330 2.2–78.0 (18.6) 2.8–35.3 (18.6) 27.2 26.2–28.3 0.070 0.064–0.076 0.766 9.0 24.0
Jack pine 79 9.7–44.5 (25.9) 14.5–27.5 (21.8) 23.9 22.7–25.0 0.102 0.079–0.124 0.347 10.4 22.8
Paper birch 142 2.0–53.4 (15.9) 3.9–29.2 (14.2) 20.5 19.0–21.9 0.088 0.073–0.104 0.682 8.2 19.1
White spruce 104 1.5–53.8 (22.4) 1.5–28.3 (16.4) 34.6 29.3–39.8 0.030 0.023–0.038 0.867 6.0 21.1
White cedar 227 1.0–53.0 (14.5) 1.4–19.7 (8.7) 18.8 17.6–19.9 0.046 0.040–0.051 0.926 4.9 14.4
Balsam ﬁr 279 1.0–36.5 (9.2) 1.4–23.8 (8.9) 21.0a – 0.064 0.061–0.067 0.872 6.7 18.1
a Fixed value based on Pothier and Savard (1998) and Grondin et al. (2000).
Table 2
Parameter values (C1, a) and their 95% conﬁdence intervals for the crown radius vs. DBH relationship (Eq. (2)). Also presented are the sample size, range of and mean DBH
and crown radius observed among sampled trees, R2 values (mean corrected), and predicted crown radius for a 5cm DBH and a 30cm DBH individual of each species. Note
that tests of the model and simulations were performed using a C1 value multiplied by 0.5, for all species, as described in Canham et al. (1999). Species are listed in order of
increasing shade tolerance based on Harvey et al. (2002).
Species n DBH (cm)
min–max
(mean)
Crown radius
(m) min–max
(mean)
Parameter C1 95% C.I.
(min–max)
Parameter a 95% C.I.
(min–max)
R2 Crown radius
(m) of a 5cm
DBH tree
Crown radius
( m )o fa3 0c m
DBH tree
Aspen 342 2.0–78.0 (19.5) 0.2–4.9 (1.7) 0.180 1.150–0.210 0.766 0.715–0.816 0.722 0.62 2.44
Jack pine 85 9.7–44.5 (25.9) 0.1–3.2 (1.3) 0.014 0.000–0.028 1.369 1.083–1.656 0.522 0.13 1.47
Paper birch 190 2.0–53.4 (16.5) 0.3–4.7 (1.7) 0.452 0.354–0.551 0.498 0.425–0.570 0.500 1.01 2.46
White spruce 165 1.5–53.8 (23.2) 0.5–3.4 (1.6) 0.524 0.361–0.688 0.361 0.265–0.457 0.282 0.94 1.79
White cedar 247 1.6–53.0 (15.6) 0.2–3.2 (1.3) 0.399 0.349–0.449 0.468 0.427–0.510 0.711 0.85 1.96
Balsam ﬁr 243 1.0–36.5 (11.2) 0.2–3.1 (1.2) 0.532 0.452–0.611 0.366 0.308–0.424 0.410 0.96 1.85
1999). Crown radius (m) is predicted from DBH (cm):
Crownradius = C1 · DBHa (2)
Crown depth (m), deﬁned as the distance between the top and
thebottomofthecrowncylinder,ispredictedfromtreeheight(m):
Crowndepth = C2 · Height
b (3)
Trees were selected in closed forests, adjacent to recent gaps
and in other locations where crowns could be easily seen (e.g.,
along edges of recent openings or roads) but not adjacent to old
openingswherecrownsmayhaveexpandedsigniﬁcantlyovertime
due to reduced competition. Tree height and height of crown base
were determined using a clinometer, while crown radius was mea-
sured in the four cardinal directions and averaged for each tree.
We supplemented our initial sample with a large dataset on tree
heightandcrownallometrycollectedinplotsdescribedinBergeron
(2000).Leastsquaresregressionwasusedtodeterminethevalueof
parameters in Eqs. (1)–(3). Non-overlapping 95% conﬁdence inter-
vals were considered to be an indication of a signiﬁcant difference
in parameters among species. For balsam ﬁr, H1 (Eq. (1)) could not
be estimated from ﬁeld data due to an insufﬁcient number of large
trees in our sample (Table 1), its value was therefore ﬁxed at 21m
basedonPothierandSavard(1998)usingasiteindexof18(Grondin
et al., 2000).
2.2.2. Crown openness
Species-speciﬁc mean crown openness, deﬁned as the fraction
of sky that can be seen on average through the crown of an individ-
ual tree of a given species, was evaluated as described in Canham
et al. (1999). One ﬁsheye photo was taken per sampled tree using a
tripod-mounted digital Nikon Coolpix 950 equipped with a FC-E8
ﬁsheye lens, and positioned so that the tree crown could clearly be
distinguished against the sky, with no overlap with neighbor tree
crowns. As much as possible, ﬁsheye photos were taken under uni-
form sky conditions. They were all analysed by the same person
with the Gap Light Analyser (GLA v.2) (Frazer et al., 2000) using the
procedure described in Astrup and Larson (2006) which involved
digitizing the crown outline, thresholding the image, and calculat-
ing the ratio of white pixels to all pixels within the crown outline (a
fraction ranging from 0 to 1 that corresponds to crown openness).
After verifying that conditions for normality and homoscedasticity
were met, crown openness was compared among species with a
one-way analysis of variance (ANOVA) and a post hoc Tukey mul-
tiple comparisons test.
2.2.3. Local sky brightness distribution
For all simulations (Sections 2.3 and 2.4), we used a plot latitude
of 48◦30 N, a beam fraction of global radiation of 0.5, and a clear
sky transmission coefﬁcient of 0.65. The ﬁrst and last days of the
Table 3
Parameter values (C2, b) and their 95% conﬁdence intervals for the crown depth vs. tree height relationship (Eq. (3)). Also presented are the sample size, range of and mean
height and crown depth observed among sampled trees, R2 values (mean corrected), and predicted crown depth for a 5m and a 15m tall individual of each species. Species
are listed in order of increasing shade tolerance based on Harvey et al. (2002).
Species n Height (m)
min–max (mean)
Crown depth
(m) min–max
(mean)
Parameter C2 95% C.I.
(min–max)
Parameter b 95% C.I.
(min–max)
R2 Crown depth
( m )o fa5m
tall tree
Crown depth
( m )o fa1 5m
tall tree
Aspen 249 2.8–30.8 (19.1) 1.1–13.9 (6.9) 0.200 0.107–0.293 1.196 1.046–1.347 0.568 1.37 5.10
Jack pine 79 14.5–27.5 (21.8) 3.3–15.9 (7.2) 0.036 0.028–0.099 1.720 1.145–2.295 0.315 0.57 3.79
Paper birch 129 3.9–27.2 (13.9) 1.4–17.1 (6.8) 0.739 0.410–1.069 0.847 0.686–1.008 0.512 2.89 7.32
White spruce 92 4.1–28.3 (17.3) 2.0–24.5 (11.2) 0.630 0.382–0.877 1.010 0.881–1.139 0.812 3.20 9.71
White cedar 210 2.0–19.6 (9.0) 1.3–15.5 (5.7) 0.652 0.509–0.794 0.982 0.895–1.070 0.764 3.17 9.31
Balsam ﬁr 194 1.8–23.9 (10.5) 0.6–19.8 (5.8) 0.345 0.252–0.437 1.188 1.091–1.284 0.826 2.33 8.61M. Beaudet et al. / Forest Ecology and Management 261 (2011) 84–94 87
Fig. 1. Schematic representation of the three patterns of tree removal, here illustrated for a removal rate of 45% BA. (A) Uniform partial cut (with 4-m skid trails); (B) strip
pattern comprising 8-m wide trails, 8-m wide partially cut strips, and 8-m wide uncut strips; (C) gap pattern in which 4-m wide skid trails are locally enlarged to form
24m×24m openings (576m2) in which a 100% removal is performed, with no harvest between trails and gaps. Gap size differs for the stand-level 30% and 60% removal
rates (see text). Areas in white, grey and black indicate no harvest, partial harvest and 100% removal, respectively.
growing season were April 15th and September 15th, respectively.
The modelled sky hemisphere was subdivided into 18 azimuthal
and 12 altitudinal divisions, and the minimum solar angle was set
to 45◦ from horizontal.
2.3. Model evaluation
2.3.1. Test #1: prediction of understory GLI in mapped stands
Gap Light Index (GLI) values predicted by SORTIE-ND (GLIpre)
were compared to light measured in three mapped plots. We used
plots established in mixedwood stands (%BA ranging from 47% to
66%foraspen,5%to27%forpaperbirch,4%to28%forwhitespruce,
and 4% to 11% for balsam ﬁr) originating from ﬁre in 1823 (plot
1) and 1847 (plots 2–3). Trees with DBH>10cm were mapped in
plots 1 and 2, and DBH>2cminplot 3. In plot 1, an experimental
gap (20m×20m) was created in 1990. Fisheye photographs were
taken along a 5m×5m grid over a 20m×20m (plots 1 and 2) and
a4 0m×80m area (plot 3). A buffer area at least 20m wide was
mappedaroundthesampledgrids.Fisheyephotographsweretaken
at ∼3.5m in plot 1 (above shrubs), and at ∼1.5m in plots 2 and 3.
Althoughﬁsheyephotographsweregenerallytakenunderovercast
conditions, some photographs were overexposed and could not be
used. In all, 60 ﬁsheye photographs were analysed with GLA (v.2)
to obtain observed GLI values (GLIobs). To generate corresponding
GLIpre values for the test, SORTIE-ND was initialized with allomet-
ric parameters and crown openness values obtained in this study,
a tree map for each plot, and the coordinates (x, y, z) at which
the ﬁsheye photos had been taken. Note that we multiplied the C1
parameter (Eq. (2), Table 2) by a scaling factor of 0.5, as suggested
by Canham et al. (1999) since preliminary tests showed that this
provided a better ﬁt than an unadjusted C1 value. We calculated
the linear regression between GLIpre and GLIobs and used t-tests to
determine if the slope and intercept differed signiﬁcantly from 1
and 0, respectively.
2.3.2. Test #2: prediction of mean stand-level GLI in un-mapped
stands
Inthistest,GLIpre werecomparedtoGLIobs valuesobtainedfrom
ﬁsheye photographs taken in stands that had been submitted to a
widerangeofharvestintensities(0%,33%,61%,and100%)aspartof
the SAFE (“Sylviculture et aménagement forestier écosystémique”)
project in the LDRTF (Brais et al., 2004). This silvicultural trial was
performed in aspen stands originating from a 1923 ﬁre. Before har-
vesting, the mean BA was 43.1m2 ha−1 with 92.6% aspen and 3.3%
of conifers. Five permanent plots were established per treatment,
and a forest inventory of all stems (DBH>2cm) was performed
before and after harvesting, which took place during the winter
of 1998–1999 (Brais et al., 2004). Fisheye photographs were taken
in September 1999, under overcast conditions at a height of 3m
(above the shrub layer) in each plot (Brais et al., 2004). We used
the ﬁve GLIobs values for each treatment in Block 1 (Brais et al.,
2004). SORTIE-ND was initialized using parameters in Tables 1–3
and crown openness values, as well as with post-harvest tree den-
sityperspeciesandDBHclassfromtheabove-mentionedsampling
Table 4
Pre- and post-harvest characteristics of the modelled stands.
Harvest pattern Pre-harvest Uniform Strip Gap
Harvest rate (target) (%BAa) 0 30 45 60 30 45 60 30 45 60
Overstory (DBH≥9cm)
BA (m2 ha−1) 39.3 27.7 21.6 15.5 28.1 21.7 18.1 28.0 21.1 16.7
Density (nha−1) 1424 1199 1096 937 1075 971 836 1025 751 604
Species composition (% BA)
Aspen 63.3 53.7 40.8 17.3 60.3 48.6 38.5 62.4 64.6 63.2
Paper birch 1.7 2.1 2.7 3.8 1.9 2.4 2.9 1.7 1.7 1.7
White spruce 35.0 44.1 56.5 79.0 37.8 49.0 58.6 35.9 33.7 35.0
Understory (0 cm<DBH<9cm)
BA (m2 ha−1) 1.1 1.0 1.0 1.0 0.8 0.8 0.8 0.7 0.5 0.4
Density (nha−1) 826 732 732 732 635 635 635 578 435 340
Species composition (% BA)
Aspen 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Paper birch 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.0
White spruce 67.0 66.6 66.6 66.6 67.3 67.3 67.3 67.0 68.6 66.6
Balsam ﬁr 32.8 33.1 33.1 33.1 32.4 32.4 32.4 32.7 31.0 33.3
a BA: Basal area.88 M. Beaudet et al. / Forest Ecology and Management 261 (2011) 84–94
plots. Random coordinates were assigned to trees by SORTIE-ND.
For the two partial cut treatments, we simulated skid trails by
removing all trees in 4-m wide strips, one every 30m, similar to
Brais et al. (2004). For each treatment, SORTIE-ND generated GLIpre
at 3m and these GLIpre were compared to ﬁeld-based GLIobs using
t-tests.
2.4. Simulations varying the intensity and spatial pattern of
harvest
An initial tree map ﬁle was created for a 4ha plot
(200m×200m) based on inventory data from a mixedwood stand
situated 25km south of the SAFE research site. The initial BA was
39m2 ha−1, with deciduous (mainly aspen) and coniferous species
(mainly white spruce) accounting for 65% and 35% of the overstory
BA, respectively (Table 4). The understory was almost exclusively
comprised of conifers, mainly white spruce. Tree densities by DBH
class and species were speciﬁed to SORTIE-ND, with tree positions
randomly determined by the model.
The resulting tree map ﬁle was then modiﬁed according to nine
silvicultural treatments resulting from the combination of three
harvest rates (30%, 45% and 60% BA removal) and three harvest
patterns (uniform, strips, gaps) (Fig. 1). In all cases, skid trails were
explicitly located every 32m. In the uniform partial cuts, all trees
and saplings were removed in 4-m wide skid trails, and a par-
tial cut of aspen (DBH>9cm)wasperformed between skid trails
(Fig.1A).Anarrowstripharvestwassimulatedwith8-mwidetrails
in which all trees and saplings were removed, ﬂanked by two 8-m
wide strips in which aspen was partially harvested (Fig. 1B). An 8-
m wide strip was also left uncut (Fig. 1B). A gap pattern was also
tested in which 4-m wide skid trails were locally enlarged to form
squareorrectangularopenings(Fig.1C)(Robert,2010).Theseopen-
ings were 256m2 (16m×16m), 576m2 (24m×24m), and 768m2
(24m×36m) in size for the 30%, 45%, and 60% BA harvests, respec-
tively. In simulated gap cuts, all saplings and trees were removed
in skid trails and gaps, with no harvest in between. SORTIE-ND was
used to predict GLI at 3m above-ground along a 2m×2m grid cov-
ering the entire 4ha plots. We modelled light at 3m because it
reﬂects conditions that should inﬂuence post-harvest response of
saplings.Thischoiceisalsosupportedbythefactthatthetestsofthe
model (Sections 2.3.1 and 2.3.2) mainly involved light conditions
at such a height.
3. Results and discussion
3.1. Inter-speciﬁc variation in allometry and crown openness
Asymptotic height (H1, Eq. (1)) ranged from 18.8m for white
cedar to 34.6m for white spruce (Table 1). Aspen and jack pine
had the highest predicted heights at both small and larger DBH,
whilewhitecedarhadthelowestpredictedheightsatthesameDBH
(Table 1). The three intolerant species, jack pine, aspen and paper
birch, had the three highest B values, indicating a faster approach
to asymptotic height than for the more tolerant conifers (Table 1
andFig.2A).SuchatrendwasalsoreportedbyCanhametal.(1999)
for species in British Columbia (BC). Rank order of species in terms
of predicted height at various DBH (Fig. 2A) were in agreement
with Sharma and Parton’s (2007) and Peng’s (2001) height vs. DBH
models for boreal species in northern Ontario.
The two deciduous shade-intolerant species, aspen and paper
birch, had the widest crowns, while shade-tolerant conifers had
relatively wide crowns at small DBH, but narrower crowns than
deciduous species at larger DBH (Table 2 and Fig. 2B). In contrast,
Canham et al. (1999) reported that more shade-tolerant conifer
species had overall wider crowns than intolerant species.
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Fig.2. Predicted(A)treeheightasafunctionofDBH(Eq.(1),parametersinTable1);
(B) crown radius as a function of DBH (Eq. (2), parameters in Table 2); and (C) crown
depth as a function of tree height (Eq. (3), parameters in Table 3) for six tree species
in the Lake Duparquet Forest study area.
Less shade-tolerant species (mainly jack pine and aspen, but
also paper birch) tended to have a lower crown depth than more
tolerant conifers (Table 3 and Fig. 2C). The tendency for tolerant
species to have deeper crowns than shade-intolerant species has
also been observed for northern hardwood species (Canham et al.,
1994; Beaudet et al., 2002), but not among BC species (Canham et
al., 1999).
Crown openness differed among species (ANOVA: P<0.001,
F=10.692, df=5, n=206) with mean values ranging from 0.101 for
paper birch to 0.163 for aspen (Fig. 3). These values are in the same
range as those reported in studies that used a similar method-
ology to quantify crown openness (Canham et al., 1999; BeaudetM. Beaudet et al. / Forest Ecology and Management 261 (2011) 84–94 89
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Fig. 3. Mean (±1 SD) crown openness for trembling aspen (mean=0.163; n=38),
white cedar (0.144; n=31), jack pine (0.124; n=36), balsam ﬁr (0.111; n=33), white
spruce (0.109; n=37), paper birch (0.101; n=31). Different letters indicate signiﬁ-
cant differences (P<0.001) based on an ANOVA and a Tukey HSD test.
et al., 2002; Astrup and Larson, 2006). However, unlike elsewhere
(Canham et al., 1994, 1999; Beaudet et al., 2002), crown openness
did not vary with shade tolerance (Fig. 3).
3.2. Model evaluation
In mapped plots (test 1), we found a signiﬁcant relationship
(P<0.001) between GLIpre and GLIobs (Fig. 4A). However, although
the intercept was clearly not different from 0 (t-test, P=0.182),
the slope coefﬁcient of 1.271 was only marginally not different
from 1 (t-test, P=0.051). Under higher light conditions, a few
points occurred above the 1:1 expectation (Fig. 4A) suggesting that
SORTIE-ND might tend to overestimate light levels above ∼30% in
the study stands. However, most of these points corresponded to
locations in plot 1, a 400m2 artiﬁcial gap created >10 years prior
to taking the photographs and mapping the trees. Since only trees
>10cm in DBH were mapped in that plot, it is possible that several
small trees may have intercepted light in the gap without being
represented in the simulated plot. We therefore suggest that the
discrepancy between predictions and observations above 30% GLI
may partly be attributable to an incomplete sampling of the trees
that would have intercepted light in plot 1. This explanation is
supported by the fact that SORTIE-ND did not overestimate light
transmission above ∼30% in our second validation test.
The R2 of 0.6 for the relationship between predicted and
observed GLI (Fig. 4A) was similar to that reported by Beaudet
et al. (2002) in an earlier test of SORTIE in northern hardwood
forests. While this may not be considered an excellent ﬁt, it is
probably unavoidable given the simpliﬁed, cyclinder-shaped tree
crowns represented in SORTIE-ND and the relatively narrow light
range simulated. Using radially symmetric crowns in a light model
prevents capturing the asymmetry of natural crowns, and this has
been shown to impact on the accuracy of light predictions (Piboule
et al., 2005). Another source of error results from tree and crown
dimensions in the simulated plots being derived from allometric
equations rather than being measured for each tree (e.g., Koop
and Sterck, 1994). This implies that deviation of individual crowns
from average allometry cannot be accounted for in light simula-
tions (Vieilledent et al., 2010), nor than the presence of tree lean or
branch breakage. Gersonde et al. (2004) explicitly tested the effect
of using crown radius, crown length and tree height derived from
DBH rather than measuring values for each tree. They showed that
with the tRAYci model this led to a decrease in R2 from approxi-
mately 0.75 to 0.6, the latter being equivalent to the ﬁt obtained
in this study. Finally, the crown radius and crown depth models
(Eqs. (2) and (3)) are relatively simple and do not account for the
inﬂuence of neighborhood characteristics (e.g., density) on crown
dimension (Thorpe et al., 2010).
In the un-mapped plots (test 2), SORTIE-ND light predictions
(GLIpre) did not differ from observations (GLIobs) in three of the
fourtreatments(Fig.4B).Inthecontrolstand,however,SORTIE-ND
underestimated light levels with a mean GLIpre of 5.0% compared
to a mean GLIobs of 15.6%. Note that the GLIobs were obtained from
ﬁsheyephotostakeninlateSeptember(Braisetal.,2004).Although
we found no clear evidence of it in the ﬁsheye photographs, it
remains possible that at that time of the year, leaves may have
started to discolour and fall.
Despitethenon-negligibledifferencebetweenGLIpre andGLIobs,
the light levels predicted in the control stand are not completely
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unreasonable. For instance, Lapointe et al. (2006) reported an aver-
age light transmission of 7.7% at the same site, for measurements
made at 0.75m above-ground. Messier et al. (1998) and Aubin et
al. (2000) also reported lower light levels than in Brais et al. (2004),
i.e., on average 9–10% in closed-canopy aspen-dominated stands
from the same area. An alternative explanation to the discrepancy
between GLIpre and GLIobs is that the simpliﬁed representation
of tree crowns in SORTIE-ND – with dimensions derived from
allometric relations – might have contributed to a possible under-
estimation of light conditions under closed canopy conditions.
Vieilledent et al. (2010) showed that individual variability in tree
allometry has a substantial impact on light transmission in forest
understories; when it was ignored (i.e., when average allometry
was used to model individual trees—as was the case in our simula-
tions),itledthelightmodelSamsaraLight(Courbaudetal.,2003)to
underestimate light levels under closed canopy conditions. Never-
theless, since the simulations in this study focus on partial cuts, i.e.,
conditions under which SORTIE-ND predictions were accurate, we
proceededwiththesimulations.However,furthertestingwouldbe
relevanttobetterunderstandthecauseofthediscrepancybetween
GLIpre and GLIobs in the uncut treatment.
3.3. Simulations varying the intensity and spatial pattern of
harvest
3.3.1. Effect on light conditions
Prior to harvesting, GLIpre were low in the modelled stand, i.e.,
on average 7% (Fig. 5A) with ∼45% of values <5% (Fig. 5C). The max-
imum GLIpre was 29%, and the frequency distribution of GLIpre was
markedly right-skewed (Fig. 6A). Light levels predicted by SORTIE-
ND in the pre-harvested stand were similar to those reported by
Messier et al. (1998) for mixed stands in the same region (i.e., on
average 7.2%), and in the same range as those observed by Lieffers
and Stadt (1994) in western aspen-spruce mixedwood stands with
a 20–80% deciduous proportion (i.e., ∼5–12%).
Even the lowest level of removal (30% BA) markedly affected
light conditions, with mean GLIpre ranging from two to three times
greater than in the pre-harvest stand, depending on harvest spa-
tial pattern (Fig. 5A). The 30% removal cuts, regardless of harvest
pattern, substantially decreased the proportion of microsites with
GLIpre <5%, from 45% pre-harvest to less than 18% post-harvest
(Fig. 5C), however, the 30% removal cuts created virtually no
microsites with GLI>50% (Fig. 5E).
As expected, given the well-known negative relationship
between stand BA and light transmission (e.g., Palik et al., 1997;
Comeau, 2001; Sonohat et al., 2004; Comeau et al., 2009; Hale et
al., 2009), mean light levels increased with increasing rate of tree
removal (Fig. 5A). However, mean light levels also clearly varied
as a function of the harvest pattern for a given harvest rate, and
this variation tended to increase in magnitude with increasing rate
of removal (Fig. 5A). Overall, increasing the removal rate had less
impact on light conditions with a uniform harvest, and a more
marked effect in the gap cuts (Fig. 5). Conditions created by a nar-
row strip cut were generally situated between the two other types
of cuts (Fig. 5).
The amount of variability in light levels was also affected by the
rate and spatial pattern of harvest (Fig. 5B). Variability increased
with increasing rate of removal, but the magnitude of the increase
was lower in uniform cuts than in gap and strip cuts which
were similar (Fig. 5B). The tendency for light levels to increase
and become more variable with increasing harvest aggregation
(i.e., from uniform to gap cuts) corroborates ﬁeld observations in
Battagliaetal.(2002).Agreateramountofvarianceassociatedwith
decreasing canopy cover and increasing aggregation has also been
reported by Martens et al. (2000).
The frequency distributions of light levels differed markedly
depending on the rate and pattern of harvest (Fig. 6). Uniform cuts
led to narrower distributions of light levels than strip and gap cuts,
and had a right-skewed distribution under all harvest rates (Fig. 6).
The strip harvests had distinctly bimodal distributions with the left
peak(correspondingtomoreshadedconditions)morepronouncedM. Beaudet et al. / Forest Ecology and Management 261 (2011) 84–94 91
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thantheright-one(correspondingtohigherlightconditions)inthe
lower intensity cuts (Fig. 6). In the gap cuts, the frequency distribu-
tion of light levels varied from a right-skewed distribution for the
30% cut, to a left-skewed distribution for the 60% cut (Fig. 6).
The spatial distribution of light levels was clearly inﬂuenced by
theharvestpattern(Fig.7).Intheuniformpartialcuts,therelatively
narrow4-mwideskidtrailshadanoticeableimpactonlightcondi-
tions(Fig.7).TheyallowedlightlevelstolocallyreachGLIof15–35%
in the 30% cut, GLI of 20–40% in the 45% cut, and GLI of 40–50% in
the 60% cut (Fig. 7). Skid paths are almost inevitably present in
the ﬁeld, but only rarely represented in modelled harvested stands
(e.g., Sprugel et al., 2009). In gap cuts, the expected north-south
variability in light conditions (Canham, 1988) is observable in the
simulated gaps, with higher light levels in the northern than in the
southernpartofgaps(Fig.7).Lightlevelsreached>45%inthenorth-
central part of most of the ∼250m2 gaps in the 30% gap cut; they
reached >60% in most of the ∼575m2 gaps in the 45% gap cut; and
>70% of the ∼770m2 gaps in the 60% gap cut (Fig. 7).
3.3.2. Management implications
Post-harvest regeneration depends on multiple environmental
factors including the availability of light, water, and soil nutri-
ents, micro-climatic conditions, and seedbeds (Blanco et al., 2009;
Martin-DeMoor et al., 2010). While light conditions alone clearly
donotdetermineregenerationresponsefollowingharvesting,they
remain a key factor (e.g., Lapointe et al., 2006), and a factor that
can be manipulated through silvicultural interventions (Lieffers et
al., 1999). Because of inter-speciﬁc differences in response to light,
managing light intensities through variations in the intensity and
patterns of tree removal can create conditions that will favour the
recruitment,growthandsurvivalofsomespeciesmorethanothers
(Messier et al., 1999). It is therefore possible to identify intervals92 M. Beaudet et al. / Forest Ecology and Management 261 (2011) 84–94
Fig. 7. Spatial distribution of light levels (%GLI) predicted at 3m above-ground along a 2m×2m grid in the pre-harvest (A) and nine post-harvest modelled plots (4ha)
resulting from the combination of three harvest rates: 30% (B–D), 45% (E–G), and 60% (panels H–J); and three spatial patterns of harvest: uniform with skid trails (B, E and
H), strip (C, F and I), and large gaps (D, G and J).
of light conditions that provide an environmental advantage for
some species over others, and to use light model simulations to
determinewhichsilviculturaltreatmentsbestgeneratethedesired
lightconditions(Comeau,2001;Mizunaga,2007).Weillustratethis
below with examples relevant to boreal mixedwood silviculture.
If the silvicultural objective is to accelerate the transition from
an early-successional aspen stand to a later-successional mixed-
wood stand with a harvest removal rate in the range of 45–60% BA,
then our results suggest that uniform cuts might be more appro-
priate than the more aggregated strip and gap cuts to favour spruce
andﬁroveraspen.Amongalltreatments,the45%andespeciallythe
60% uniform cuts were those which generated the greatest propor-
tion of microsites receiving moderately low light conditions (here
deﬁned as GLIpre between 15% and 40% based on Lieffers and Stadt,
1994)( Figs. 5 and 6). These light conditions would be high enough
to allow a noticeable increase in growth among shade-tolerant
conifers, while not being elevated enough to trigger high densi-
ties and growth of aspen suckers (Lieffers and Stadt, 1994; Messier
etal.,1999;Gendreau-Berthiaume,2010).Oursimulationsindicate
that the proportion of microsites with light conditions within such
a range (i.e., 15–40%) was greatest in the 60% uniform cut, followed
bythe45%uniformcut(Fig.5D).Moreover,theuniformpartialcuts
almost never created high light conditions (GLIpre >50%, Fig. 5E),
which are expected to be more favourable to shade-intolerant
species.Forinstance,saplingradialgrowthdatafromourstudyarea
indicate that aspen starts to outgrow white spruce and balsam ﬁr
above ∼50% GLI (Poulin and Messier, 2006). Chen and Popadiouk
(2002) suggested that light levels higher than 40% are required for
aspen establishment and Bourgeois et al. (2004) concluded that a
∼60% removal rate, through a uniform harvest pattern, could con-
tribute to accelerate the transition from aspen toward mixedwood
stands.
If a lower removal rate is to be used (e.g., 30% BA) to accel-
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our results indicate that strip and gap cuts might be preferable to
a uniform partial cut. Certainly at such low removal rates, some
kind of gap or strip cutting approach presents fewer operational
constraints than a diffuse, uniform harvest. With a 30% removal
rate, strip and gap cuts generated the greatest proportions of GLIpre
between15%and40%(Fig.5D).The30%uniformpartialcutcreated
slightly more shaded conditions (Figs. 5 and 6), less favourable to
increased growth among pre-established shade-tolerant conifers
(Parent and Messier, 1995; Claveau et al., 2002). More shaded con-
ditions might even compromise regeneration survival for some
species (e.g., below 8% for white spruce: Lieffers and Stadt, 1994),
especiallyamonglargersaplings(Kneeshawetal.,2006).Moreover,
at such a low removal rate (i.e., 30% BA), the more aggregated strip
and gap harvests did not generate light conditions >50% (Fig. 5E),
andarethereforenotexpectedtobeoverlyfavourabletothedevel-
opment of intolerant competitors such as aspen.
Although the general trends that emerge from our simulations
regarding the effect of variation in the rate and spatial pattern of
harvest would be expected to hold among similar stands, the spe-
ciﬁc recommendations we present should be considered with the
following points in mind. First, mixedwood stands are diverse by
nature and often structurally complex, and light conditions may
vary greatly among stands due to differences in stand structure
and species composition (Barkman, 1992; Messier et al., 1998).
Second, our simulations are believed to be representative of the
light conditions immediately after harvest, but they do not account
for the dynamic vegetation response that is generally observed
over time after harvesting (Brais et al., 2004; Man et al., 2008).
Finally, the speciﬁc light values that were used as thresholds to
identify the intervals of light conditions to be promoted or avoided
through silvicultural interventions were selected based on speciﬁc
publications. These thresholds could arguably differ somewhat as
a function of a number of factors including site productivity and
region (Wright et al., 1998), and depend on the variable consid-
ered (e.g., photosynthetic response, height growth, radial growth,
biomass increment) (Messier et al., 1999).
4. Conclusions
Our study demonstrates that spatially explicit light models can
be useful tools to improve our understanding of how different sil-
vicultural prescriptions can inﬂuence post-harvest light regimes,
and ultimately, regeneration success. More speciﬁcally, the simu-
lationsperformedinthisstudyallowedquantiﬁcationoftheimpact
of a range of harvest intensities on understory light conditions, but
perhaps more importantly highlighted the marked differences that
are generated in terms of understory light levels when the spa-
tial pattern of tree removal is modiﬁed in a partial harvest. Our
resultsclearlyshowedthatharvestinginastanddoesnotnecessar-
ily increase light transmission proportional to the reduction in BA;
the spatial arrangement of the residual trees (and hence the spa-
tial pattern of harvest) also plays a very important role (Battaglia
et al., 2002; Sprugel et al., 2009). Overall, simulation results indi-
cated that increasing the removal rate had less impact on light
conditions with a uniform harvest, and a more marked effect in
the more aggregated harvests. This suggests that higher harvest
rates can be applied in uniform harvest patterns while still main-
taininglightlevelsbelowathresholdpreferredbyshade-intolerant
species(e.g.,aspen).Althoughuniformordispersedpartialharvest-
ingismoredifﬁcultoperationally,thehighervolumeremovalsmay
compensate for potentially higher harvest costs. This illustrates
howabetterunderstandingoftheinteractionsbetweenspatialpat-
ternsofharvestandratesoftreeremovalcanaffectlightconditions
(andsubsequentstanddevelopment)andprovideopportunitiesfor
designing silvicultural prescriptions that are better suited to meet
a variety of management objectives.
Acknowledgements
We thank Paula Bartemucci for assistance with data collection
fortheparameterizationofthelightmodel,aswellasDanielleChar-
ron for Lake Duparquet ﬁeld data management. We also thank the
numerous individuals who participated in forest plot survey and
tree mapping. We acknowledge the work performed by Ernest Lo
in an initial phase of this project, and discussions with Michael
Papaik regarding height-diameter relationships. We thank Louis
De Grandpré for help in the preparation of the light maps and for
providingcommentsonanearlierversionofthemanuscript.Finan-
cial support was provided by the Sustainable Forest Management
Network (SFMN), the National Sciences and Engineering Research
Council of Canada (NSERC), the NSERC-UQAT-UQAM Industrial
Chair in Sustainable Forest Management, and Tembec.
References
Astrup,R.,Larson,B.C.,2006.Regionalvariabilityofspecies-speciﬁccrownopenness
for aspen and spruce in western Canada. For. Ecol. Manage. 228, 241–250.
Aubin, I., Beaudet, M., Messier, C., 2000. Light extinction coefﬁcients speciﬁc to the
understory vegetation of the southern boreal forest, Quebec. Can. J. For. Res. 30,
168–177.
Barkman, J.J., 1992. Canopies and microclimate of tree species mixtures. In: Can-
nell, M.G.R., Malcolm, D.C., Robertson, P.A. (Eds.), The Ecology of Mixed-Species
Stands of Trees. Blackwell Scientiﬁc Publications, Oxford, pp. 181–188.
Bartemucci, P., Messier, C., Canham, C.D., 2006. Overstory inﬂuences on light atten-
uation patterns and understory plant community diversity and composition in
southern boreal forests of Quebec. Can. J. For. Res. 36, 2065–2079.
Battaglia, M.A., Mou, P., Palik, B., Mitchell, R.J., 2002. The effect of spatially variable
overstory on the understory light environment of an open-canopied longleaf
pine forest. Can. J. For. Res. 32, 1984–1991.
Beaudet, M., Messier, C., Canham, C.D., 2002. Predictions of understory light con-
ditions in northern hardwood forests following parameterization, sensitivity
analysis, and tests of the SORTIE light model. For. Ecol. Manage. 165, 231–244.
Bergeron, Y., 2000. Species and stand dynamics in the mixed woods of Quebec’s
southern boreal forest. Ecology 81, 1500–1516.
Bergeron, Y., Harvey, B., 1997. Basing silviculture on natural ecosystem dynamics:
an approach applied to the southern boreal mixedwood forest of Quebec. For.
Ecol. Manage. 92, 235–242.
Blanco, J.A., Welham, C., Kimmins, J.P., Seely, B., Mailly, D., 2009. Guidelines for
modeling natural regeneration in boreal forests. For. Chron. 85, 427–439.
Bourgeois, L., Messier, C., Brais, S., 2004. Mountain maple and balsam ﬁr early
response to partial and clear-cut harvesting under aspen stands of northern
Quebec. Can. J. For. Res. 34, 2049–2059.
Brais, S., Harvey, B.D., Bergeron, Y., Messier, C., Greene, D., Belleau, A., Paré, D., 2004.
Testing forest ecosystem management in boreal mixedwoods of northwestern
Quebec: initial response of aspen stands to different levels of harvesting. Can. J.
For. Res. 34, 431–446.
Brunner, A., 1998. A light model for spatially explicit forest stand models. For. Ecol.
Manage. 107, 19–46.
Burns, R.M., Honkala, B.H., 1990. Silvics of North America, Agriculture Handbook
654, vols.1 and 2. USDA Forest Service, Washington, DC.
Canham, C.D., 1988. An index for understory light levels in and around canopy gaps.
Ecology 69, 1634–1638.
Canham, C.D., Murphy, L.E., 2008. SORTIE-ND v.6. 09 User’s Manual,
http://www.sortie-nd.org/index.html.
Canham,C.D.,Finzi,A.C.,Pacala,S.W.,Burbank,D.H.,1994.Causesandconsequences
ofresourceheterogeneityinforests:interspeciﬁcvariationinlighttransmission
by canopy trees. Can. J. For. Res. 24, 337–349.
Canham, C.D., Coates, K.D., Bartemucci, P., Quaglia, S., 1999. Measurement and
modeling of spatially explicit variation in light transmission through interior
cedar-hemlock forests of British Columbia. Can. J. For. Res. 29, 1775–1783.
Carlson, D.W., Groot, A., 1997. Microclimate of clearcut, forest interior and small
openings in trembling aspen forest. Agric. For. Meteorol. 87, 313–329.
Chen, H.Y.H., Popadiouk, R.V., 2002. Dynamics of North American boreal mixed-
woods. Environ. Rev. 10, 137–166.
Claveau, Y., Messier, C., Comeau, P.G., Coates, K.D., 2002. Growth and crown mor-
phological responses of boreal conifer seedlings and saplings with contrasting
shade tolerance to a gradient of light and height. Can. J. For. Res. 32, 458–468.
Coates,K.D.,Burton,P.J.,1997.Agap-basedapproachfordevelopmentofsilvicultural
systems to address ecosystem management objectives. For. Ecol. Manage. 99,
337–354.
Coates, K.D., Canham, C.D., Beaudet, M., Sachs, D.L., Messier, C., 2003. Use of a spa-
tially explicit individual-tree model (SORTIE/BC) to explore the implication of
patchiness in structurally complex forests. For. Ecol. Manage. 186, 297–310.
Comeau, P.G., 2001. Relationships between stand parameters and understorey light
in boreal aspen stands. B.C. J. Ecosyst. Manage. 1 (2), 1–8.
Comeau, P.G., Filipescu, C.N., Kabzems, R., DeLong, C., 2009. Corrigendum to:
Growth of white spruce underplanted beneath spaced and unspaced aspen94 M. Beaudet et al. / Forest Ecology and Management 261 (2011) 84–94
stands in northeastern B.C.—10 years results. For. Ecol. Manage. 257, 1629–
1636.
Courbaud, B., de Coligny, F., Cordonnier, T., 2003. Simulating radiation in a hetero-
geneous Norway spruce forest on a slope. Agric. For. Meteorol. 116, 1–18.
Environment Canada, 1993. Canadian Climate Normals 1961–1990. Atmospheric
Environment Service, Downsview, Ontario, Canada.
Franklin, J.F., Mitchell, R.J., Palik, B.J., 2007. Natural Disturbance and Stand Develop-
ment Principles for Ecological Forestry. USDA Forest Service, Northern Research
Station General Technical Report NRS-19, PA, USA, 45 p.
Frazer, G.W., Canham, C.D., Lertzman, K.P., 2000. Gap Light Analyser, version 2.0.
Bull. Ecol. Soc. Amer. 81, 191–197.
Gauthier, S., Vaillancourt, M.-A., Leduc, A., De Grandpré, L., Kneeshaw, D.D., Morin,
H., Drapeau, P., Bergeron, Y., 2009. Ecosystem Management in the Boreal Forest.
Presses de l’Université du Québec, Québec.
Gendreau-Berthiaume, B., 2010. Comparaison de la dynamique forestière suite à
des perturbations secondaires naturelles et des coupes partielles. M.Sc. thesis,
Université du Québec à Montréal, Montréal, 110 p.
Gersonde, R., Battles, J.J., O’Hara, K.L., 2004. Characterizing the light environment in
Sierra Nevada mixed-conifer forests using a spatially explicit light model. Can.
J. For. Res. 34, 1332–1342.
Grondin, P., Noël, J., Hotte, D., Tardif, P., Lapointe, C., 2000. Croissance poten-
tielle en hauteur et dynamique des espèces forestières sur les principaux types
écologiques des régions écologiques 5a et 6a (Abitibi). Rapport interne n◦ 461.
Gouvernement du Québec, Ministère des Ressources naturelles, Direction de la
recherche forestière, 129 p.
Haeussler, S., Bergeron, Y., Brais, S., Harvey, B.D., 2007. Natural dynamics-based sil-
viculture for maintaining plant biodiversity in Populus tremuloides-dominated
boreal forests of Canada. Can. J. Bot. 85, 1158–1170.
Hale, S.E., Edwards, C., Mason, W.L., Price, M., Peace, A., 2009. Relationships between
canopy transmittance and stand parameters in Sitka spruce and Scots pine
stands in Britain. Forestry 82, 503–513.
Harvey, B.D., Leduc, A., Gauthier, S., Bergeron, Y., 2002. Stand-landscape integration
in natural disturbance-based management of the southern boreal forest. For.
Ecol. Manage. 155, 369–385.
Harvey,B.D.,Bergeron,Y.,Leduc,A.,Brais,S.,Drapeau,P.,Bouchard,C.-M.,2009.For-
estecosystemmanagementintheborealmixedwoodforestofWesternQuébec:
an example from the Lake Duparquet Forest. In: Gauthier, S., Vaillancourt, M.-A.,
Leduc, A., De Grandpré, L., Kneeshaw, D.D., Morin, H., Drapeau, P., Bergeron, Y.
(Eds.), Ecosystem Management in the Boreal Forest. Presses de l’Université du
Québec, Québec, pp. 449–478.
Kneeshaw, D.D., Kobe, R.K., Coates, K.D., Messier, C., 2006. Sapling size inﬂuences
shadetolerancerankingamongsouthernborealtreespecies.J.Ecol.94,471–480.
Koop, H., Sterck, F.J., 1994. Light penetration through structurally complex forest
canopies: an example of a lowland tropical rainforest. For. Ecol. Manage. 69,
111–122.
Lapointe, B., Bradley, R., Parsons, W., Brais, S., 2006. Nutrient and light availability
to white spruce seedlings in partial and clearcut harvested aspen stands. Silva
Fennica 40, 459–471.
Lieffers, V.J., Stadt, K.J., 1994. Growth of understory Picea glauca, Calamagrostis
canadensis, and Epilobium angustifolium in relation to overstory light transmis-
sion. Can. J. For. Res. 24, 1193–1198.
Lieffers, V.J., MacMillan, R.B., MacPherson, D., Branter, K., Stewart, J.D., 1996. Semi-
naturalandintensivesilviculturalsystemsfortheborealmixedwoodforest.For.
Chron. 72, 286–292.
Lieffers, V.J., Messier, C., Stadt, K.J., Gendron, F., Comeau, P.G., 1999. Predicting and
managing light in the understory of boreal forests. Can. J. For. Res. 29, 796–811.
Man, R., Kayahara, G.J., Rice, J.A., MacDonald, G.B., 2008. Eleven-year responses of a
boreal mixedwood stand to partial harvesting: light, vegetation, and regenera-
tion dynamics. For. Ecol. Manage. 255, 697–706.
Martens, S.N., Breshears, D.D., Meyer, C.W., 2000. Spatial distributions of understory
light along the grassland/forest continuum: effects of cover, height, and spatial
pattern of tree canopies. Ecol. Model. 126, 79–93.
Martin-DeMoor,J.,Lieffers,V.J.,Macdonald,S.E.,2010.Naturalregenerationofwhite
spruceinaspen-dominatedborealmixedwoodsfollowingharvesting.Can.J.For.
Res. 40, 585–594.
Messier, C., Parent, S., Bergeron, Y., 1998. Effects of overstory and understory vege-
tation on the understory light environment in mixed boreal forests. J. Veg. Sci.
9, 511–520.
Messier, C., Doucet, R., Ruel, J.-C., Claveau, Y., Kelly, C., Lechowicz, M.J., 1999. Func-
tional ecology of advance regeneration in relation to light in boreal forests. Can.
J. For. Res. 29, 812–823.
Mizunaga, H., 2007. Do ﬁner gap mosaics provide a wider niche for Quercus gilva in
young Japanese cedar plantations than coarser mosaics? Simulation of spatial
heterogeneity of light availability and photosynthetic potential. Can. J. For. Res.
37, 1545–1553.
Palik, B.J., Mitchell, R.J., Houseal, G., Pederson, N., 1997. Effects of canopy structure
on resource availability and seedling responses in a longleaf pine ecosystem.
Can. J. For. Res. 27, 1458–1464.
Paquette, A., Messier, C., Périnet, P., Cogliastro, A., 2008. Simulating light availability
underdifferenthybridpoplarclonesinamixedintensiveplantationsystem.For.
Sci. 54, 481–489.
Parent, S., Messier, C., 1995. Effet d’un gradient de lumière sur la croissance en hau-
teur et la morphologie de la cime du sapin baumier régénéré naturellement.
Can. J. For. Res. 25, 878–885.
Peng, C., 2001. Developing and validating nonlinear height-diameter models for
major tree species of Ontario’s boreal forests. North. J. Appl. For. 18, 87–
94.
Piboule, A., Collet, C., Frochot, H., Dhôte, J.-F., 2005. Reconstructing crown shape
from stem diameter and tree position to supply light models. I. Algorithms and
comparison of light simulations. Ann. For. Sci. 62, 645–657.
Pothier, D., Savard, F., 1998. Actualisation des tables de production pour les princi-
pales espèces forestières du Québec. Gouvernement du Québec, Ministère des
ressources naturelles, Ste-Foy, Québec.
Poulin, J., Messier, C., 2006. Rapport de paramétrisation du modèle de simulation
de la dynamique forestière SORTIE-ND pour la forêt boréale et sub-boréale de
l’ouest du Québec. Centre d’étude de la forêt (CEF), Université du Québec à
Montréal (UQAM), 43 p. Available from: http://www.cef.ulaval.ca/uploads/CEF.
Prévost, M., Pothier, D., 2003. Partial cuts in a trembling aspen-conifer stand: effects
on microenvironmental conditions and regeneration dynamics. Can. J. For. Res.
33, 1–15.
Puettmann, K.J., Coates, K.D., Messier, C., 2009. A Critique of Silviculture: Managing
for Complexity. Island Press, Washington, DC.
Robert, É., 2010. Régénération forestière en forêt boréale mixte: Rôle du bois mort
comme substrat d’établissement et dynamique sapin-peuplier suite aux pra-
tiques sylvicoles adaptées. M.Sc. thesis, UQAT, Rouyn-Noranda, 102 p.
Robitaille, A., Saucier, J.-P., 1998. Paysages régionaux du Québec méridional. Les
Publications du Québec, Sainte-Foy, Québec.
Sharma, M., Parton, J., 2007. Height-diameter equations for boreal tree species
in Ontario using a mixed-effects modeling approach. For. Ecol. Manage. 249,
187–198.
Sonohat,G.,Balandier,P.,Ruchaud,F.,2004.Predictingsolarradiationtransmittance
in the understory of even-aged coniferous stands in temperate forests. Ann. For.
Sci. 61, 629–641.
Sprugel, D.G., Rascher, K.G., Gersonde, R., Dovciak, M., Lutz, J.A., Halpern, C.B., 2009.
Spatially explicit modeling of overstory manipulations in young forests: effects
on stand structure and light. Ecol. Model. 220, 3565–3575.
Stadt, K.J., Lieffers, V.J., 2000. MIXLIGHT: A ﬂexible light transmission model for
mixed species stands. Agric. For. Meteorol. 102, 235–252.
Thorpe, H.C., Astrup, R., Trowbridge, A., Coates, K.D., 2010. Competition and tree
crowns: a neighborhood analysis of three boreal tree species. For. Ecol. Manage.
259, 1586–1596.
Vieilledent, G., Courbaud, B., Kunstler, G., Dhôte, J.-F., Clark, J.S., 2010. Indi-
vidual variability in tree allometry determines light resource allocation in
forest ecosystems: a hierarchical Bayesian approach. Oecologia 163, 759–
773.
Vincent, J.S., Hardy, L., 1977. L’évolution et l’extension des lacs glaciaires Barlow et
Ojibway en territoire québécois. Geogr. Phys. Quat. 31, 357–372.
Wright, E.F., Coates, K.D., Canham, C.D., Bartemucci, P., 1998. Species variability
in growth response to light across climatic regions in northwestern British
Columbia. Can. J. For. Res. 28, 871–886.